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Abstract

Streamlines, contour lines, vector plots, and volume slices (cutting planes) are commonly used for flow
visualization. These techniques are sometimes referred to as instantaneous flow visualization
techniques because cal culations are based on an instant of the flow field in time. Although instantaneous
flow visualization techniques ar e effective for depicting phenomena in steady flows, they sometimes do
not adequately depict time-varying phenomena in unsteady flows. Sreaklines and timelines are effective
visualization techniques for depicting vortex shedding, vortex breakdown, and shock waves in unsteady
flows. These techniques are examples of time-dependent flow visualization techniques, which are based
on many instants of the flow fieldsin time.

This paper describes the algorithms for computing streaklines and timelines. Using numerically
simulated unsteady flows, streaklines and timelines are compared with streamlines, contour lines, and
vector plots. It is shown that streaklines and timelines reveal vortex shedding and vortex breakdown
mor e clearly than instantaneous flow visualization techniques.

I ntroduction

Numerical simulations of unsteady flows are becoming feasible because of advances in computing and
hardware capabilities, yet there are still relatively few visualization techniques devel oped specifically for
numerically-simulated unsteady flows. For steady flow visualization, there are several well-known
techniques. Streamlines are curves tangent to the instantaneous flow field. Contour lines are isocurves of
some scalar field. Vector plots show the direction and magnitude of the velocity at the specified grid
points. Volume slices, which are also referred to as cutting planes, display flow features at severa grid
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planes or Cartesian planes. All of these techniques are computed based on the flow field at some instant
intime.

For unsteady flow visualization, many time steps of the flow data are required. A common approach is
to use instantaneous flow visualization techniques to visualize the flow at individual time steps. Thus,
for a given time step, streamlines, contour lines, vector plots and/or volume slices are computed and
sometimes saved for playback. By animating the streamlines, contour lines, and vector plots computed
from each time step, one hopes to see the time-varying phenomenain the unsteady flow.

Although the approach described above is simple and commonly used, it is not always the most effective
way to visualize unsteady flows. Phenomena such as vortex shedding, vortex breakdown, and shock
waves evolve in time, and in order to depict these phenomena, time should be considered in the
calculation. Instantaneous flow visualization techniques do not consider the fact that the flow is unsteady
and calculation is performed independent of time. Streaklines and timelines are examples of unsteady
flow visualization techniques that consider time in the calculation. A streaklineis a curve formed by all
particles that were previously injected from a fixed seed location. A timeline is a curve formed by all
particles that were injected simultaneously at some instant in time from a set of fixed seed locations.
Both of these techniques trace particles through many time steps of the given unsteady flow data.

In this paper algorithms for computing streaklines and timelines are described. Comparisons of
Instantaneous and time-dependent flow visualization techniques are made.

Related Work

Thereis published literature on several instantaneous flow visualization techniques. Some of these
techniques are surveyed in [1,2,3]. Presently, there are only afew unsteady flow visualization systems
and most of them were developed for 2D unsteady flows. In [4], 2D unsteady flows were computed for
an oscillating airfoil. Streamlines and streaklines were computed to visualize the flow. It was warned
that observing instantaneous streamlines for unsteady flows could be misleading and that streaklines
should be used instead. Simulated streaklines have been shown to be useful in analyzing photographs of
unsteady flows [5]. Several photographs of streaklines from actual experiments were compared with
simulated streaklines. 3D unsteady flows past a tapered cylinder were simulated and visualized [6].
Streaksurfaces were computed by releasing thousands of particles aong a 2D rake at each time step. In
[7], streaklines were computed to validate experimental flow visualization techniques such as smoke. It
was observed that the placement of the seed points of the streaklinesis critical in obtaining a good
depiction of the flow. We have developed a particle tracing system for 3D unsteady flows[§]. It
supports multi-zoned curvilinear moving grids. A vortex core tracing algorithm for visualizing unsteady
2D vortices was introduced in [9]. The algorithm was enhanced for 3D unsteady problems by including
time as the third dimension. Once the vortex core has been computed, it is then represented by a vortex
tube using alocal tilting method.

Streaklines
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In experimental flow visualization, the behavior of the flow is anayzed by continuously injecting smoke
or dye into the flow from some fixed seed locations. The smoke or dye is then photographed after some
time has elapsed. In hydrodynamic experiments, dyes instead of smoke are used. If the flow is steady,
then the smoke patterns photographed are streamlines. Several illustrative photographs of smoke/dye
taken from experimental flows can be found in [10].

In numerical flow simulations, the flow data are saved only at discrete points in time and space. To
simulate streaklines, small massless particles are injected into the flow from several seed locations at
each saved time step. The particles are then traced both spatially and temporally. The grid used to set up
the flow equations may be of several types; for example, rectilinear, cartesian, or curvilinear grids. If the
grid isrectilinear or cartesian, then particle tracing is ssimple and fast. However, if the grid is curvilinear
then particle tracing becomes nontrivial because of point location (cell search) and velocity
transformation (from physical space to computational space). There are also additional complexities
when the grid consists of multiple blocks (a multi-zoned grid). Furthermore, if the grid movesin time
(unsteady grid), then particle tracing requires special handling. For a detailed discussion of particle
tracing in multi-zoned curvilinear moving grids, see [11]. The algorithms described below are
independent of the grid type and whether particle tracing is performed in physical or computational
space.

Assume that the velocity field from the numerically simulated flow is available for timet_O,....,t_n,
where n isthe number of saved time steps, and at distinct grid points. Let p(t) be the position of the

particle at timet and v(p(t),t) be the velocity of the particle at p(t) at timet, then after time At, the new
position of the particle becomes:

At
(t+ A = p() + [ Meip(n, nd
pir+ r +J': P @

Equation (1) can be evaluated by numerical integration. Using the fourth order Runge-K utta scheme, (1)
becomes:

pli+AnN = p{) + {a+2b4+2c+ 4178, (2)

where

g =Am{p (.0, b = Aswlp (1) + a/204+ ASTY

c = Arne{p{n + .!:.-'“2,:+.-ih.:.-'“2}|:
d = Arv{p{f) + o0+ 40
f= 14 A

Thus, using equation (2), a particle can be numerically integrated and traced through the flow field.
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Lets j,j=0,...,mbe the user-specified seed locations. To generate simulated streaklines, particles are
injected from these seed |ocations at each time step. Once injected, the particles are traced in time until
they exit the grid. Two methods can be used to perform this task. The first method isto trace particles
individually fromtimet_Otot n. Thus, particlesfrom seed s _j are traced through all time steps before
tracing particlesfrom seed s_j+1. An alternative and more efficient method is to trace particles from all
seeds at each time step. Thisisrepeated until all of the time steps have been used or until al particles
have exited the grid. In this method, all particles are traced fromtimet_ i tot i+1 before advancing to
timestep t_i+2. Thefirst method is simple, but it requires accessing the same time step of the flow field
repeatedly for each particle. If the unsteady flow dataset is small such that al time steps of the flow can
be stored in memory, then this method would work adequately. However, if the flow dataset is too large
to be loaded into memory, which is often the case for 3D unsteady flows, then there is an overhead for
repeatedly reading the same time step of the flow data. The second method only requires accessing each
time step's data once since all particles are traced " simultaneously™ in the same time step interval.
Though there is a small memory overhead for saving the active particles at each time step, the memory
overhead is usually smaller than one time step of the flow data. Following is a procedure for computing
streaklines using the second method:

1. Read the seed locations s_j,j=0,...,m.

2. Inject one particle from each seed s _j.

3. Read the flow datafor timet_O.

4. For i=1,...,n do the following steps.
4.1. Read the flow datafor timet_i.
4.2. Trace dl active particlesfromtimet_i-1tot i using equation (2).
4.3. Inject one particle from each seed s _j.
4.4. Assign color to all active particles based on the specified scalar field.
4.5. Render all active particles.

For playback purpose, Step 4.5 above can be modified such that all active particles at each time step are
saved to a graphics metafile, which then can be rendered repeatedly at alater session.

When comparing experimental streaklines with numerical streaklines, experimental streaklines are

usually smooth and continuous, whereas numerical streaklines are represented by discrete points. Thisis
because particles are injected continuously in experimental flow; however, in numerical flows, particles
areinjected at discrete time steps. The time resolution of the numerical flow dictates how continuous the
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streaklines appear. Unfortunately, most large 3D unsteady flow simulations are saved at a coarse
resolution, for example, at every 50th or 100th time step due to disk limitation. Hence, numerical
streaklines may not always be smooth. For this reason, numerical streaklines usually are not connected
because they can be jagged. Nevertheless, numerical streaklines still can reveal features that are visible
in experimental streaklines.

Timelines

In experimental flow visualization, timelines are sometimes generated. By calculating the distance
between neighboring timelines, one can determine the velocity of the particles in the flow. Rows of
particles are injected intermittently into the flow to form timelines. Each row has a very high density of
particles. Thus, the number of seed locations (m) should be large. In experimental flow, misinfinite
because of the precision of the hardware; hence, timelines have continuous form. Numerical timelines
usually do not have continuous form because the smoke is represented by discrete particles. If the
neighboring particles are closely clustered, then ssmulated timelines will ook continuous. However, they
can become fragmented when neighboring particles are separated.

To compute timelines, the procedure shown in the previous section needs slight modification. Instead of
releasing particles at each time step as indicated by Step 4.3, particles are injected at a specified time
interval. For example, at every 5th or 10th time step. Furthermore, the number of seed points along a
rake is usually larger than the number of seed points used for computing streaklines.

Comparisons

In this section three commonly used instantaneous flow visualization techniques: vector plots, contour
lines, and streamlines are compared with streaklines and timelines. In the following figures, PLOT3D
[12] was used to generate the vector plots and contour lines, and the Unsteady Flow Analysis Toolkit
(UFAT) was used to generate instantaneous streamlines, streaklines, and timelines. UFAT which was
developed specifically for unsteady flow visualization has been used to visualize several large 3D
unsteady flows with multi-zoned curvilinear moving grids. For a detailed discussion of UFAT and its
features, see[13].

A 2D oscillating airfoil isused for the first comparison. Unsteady flow about the 2D airfoil was
simulated for three flow conditions: attached flows, light dynamics stall, and deep dynamic stall [14].
The simulated flow was compared to the experimental data.
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Figure 1 depicts velocity vector plots and streaklines at four time steps taken from an animation of the
simulated flow. It can be seen from the figure that the vector plots do not reveal vortices that are clearly
depicted in the streaklines.

Ksle=nily | osdaurs

Figure 2 (Click on image for larger view)

Figure 2 shows velocity magnitude contours and timelines. Although the contours shown give some
indication of the existence of vortices in the flow, the timelines shown give a better depiction of the
vortices.
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Figure 3 (Click on image for larger view)

In Figure 3, instantaneous streamlines and streaklines are compared. Streamlines are commonly used to
depict the flow at an instant in time. However, as shown in the figure, streamlines sometimes do not
reveal vortex development and shedding clearly. Streaklines shown in the figure give a better depiction
of these time- varying physical phenomena. The differences between instantaneous and time- dependent

techniques are even more apparent when the flow is animated.

Figure 4 (Click on image for larger view)

Flow simulation of an ogive cylinder was used to compare instantaneous and time-dependent flow
visualization techniques. Figure 4 shows velocity vector plots and contours of velocity magnitude at
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severa cross sections aong the ogive cylinder. The vector plots do not reveal any vortex structure in the
flow, which is misleading because there are some vortex structures in the flow. The velocity contours
give some indications of the vortex structures, but not completely. Both techniques are instantaneous
techniques.
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Figure 5 (Click on image for larger view)

Figure 5 depicts streamlines, streaklines and timelines. All three techniques give the indication of the
primary vortex moving along the body of the cylinder. However, both streaklines and timelines give a
much better indication of vortex shedding and formation when animated.

Conclusions

Instantaneous flow visualization techniques such as streamlines, velocity plots, and contour lines are
commonly used for unsteady flow visualization. However, they may not be accurate for depicting
unsteady flows because the time variable is not considered in the calculation. Time- dependent flow
visualization techniques such as streaklines and timelines are effective particle tracing methods for
depicting time-varying phenomenain unsteady flows. For an accurate analysis, streaklines and timelines
should also be used to complement the instantaneous techniques.
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